Abstract Few studies have examined the association of SNPs in the adiponectin (ADIPOQ) and adiponectin receptor 1 and 2 (ADIPOR1, ADIPOR2) genes with the euglycemic clamp, i.e. the gold standard measure of insulin sensitivity. The association of comprehensive tag SNPs in these genes with insulin sensitivity was examined in a cohort of adolescents and their parents. Probands and siblings (n = 441, mean age = 17.9 years) were recruited along with their parents (n = 262, mean age = 47.9 years). Typed SNPs included 21 SNPs in ADIPOQ, 7 SNPs in ADIPOR1, and 13 SNPs in ADIPOR2. Mixed model linear regression was used to test the association of SNPs with euglycemicclamp derived insulin sensitivity. All analyses were stratiWed by race. After corrections to account for multiple testing and the linkage disequilibrium structure of the genes, one SNP in the ADIPOQ gene (rs822393) was signiWcantly associated with insulin sensitivity in white subjects. In whites, six SNPs in ADIPOQ, one SNP in ADIPOR1 and one SNP in ADIPOR2 were associated with insulin sensitivity at the P < 0.05 level. In African Americans, two SNPs in ADIPOR1 were associated with insulin sensitivity at the P < 0.05 level. These results suggest that a variant in the ADIPOQ gene inXuences levels of insulin sensitivity and age may modify the eVects of this variant. There are several other variants in ADIPOQ, ADIPOR1, and ADIPOR2 that may inXuence insulin sensitivity and these variants should be further investigated in other populations.
Introduction
Adiponectin, an adipokine, is inversely related to both adiposity and many chronic disease risk factors, including insulin resistance. Adiponectin has been associated, crosssectionally, with measures of adiposity (Shand et al. 2003; Weyer et al. 2001) and both cross-sectionally and longitudinally with euglycemic-clamp derived insulin sensitivity (Rasmussen-Torvik et al. 2008; Stefan et al. 2002) . Because of these relations, adiponectin may play a causal role in the association of obesity and insulin resistance.
Previous studies have identiWed SNPs in the adiponectin gene (ADIPOQ) that appear to alter the transcription or activity of adiponectin (Menzaghi et al. 2007 ). Additional studies have identiWed SNPs in two receptors for adiponectin (ADIPOR1 and ADIPOR2) that may also aVect the activity of adiponectin (Damcott et al. 2005; Stefan et al. 2005) . Few studies have examined the association of SNPs in these genes with the moderately heritable (Rasmussen-Torvik et al. 2007 ) gold standard measure of insulin sensitivity, the euglycemic clamp (Buzzetti et al. 2007 ; Kantartzis et al. 2006; Salmenniemi et al. 2005; Stefan et al. 2005; Ukkola et al. 2005; Vozarova de Courten et al. 2005) and only two other studies attempted to use tag SNPs to capture variation throughout the entire gene (Hara et al. 2005; Vozarova de Courten et al. 2005 ). Additionally, most previous studies have been conducted in middle-aged or older populations. In this study, the association of tag SNPs [selected using the International Hap Map website (Thorisson et al. 2005) ] in ADIPOQ, ADIPOR1, and ADIPOR2 with clamp-derived insulin sensitivity was determined in a population of adolescents and their parents.
Research design and methods

Subjects
Subjects were drawn from a longitudinal study of cardiovascular risk factors in adolescents. Details of the recruitment have been published previously (Sinaiko et al. 2001) . BrieXy, in 1996, Minneapolis school children were randomly selected with stratiWcation according to sex, race (African American and white), and systolic blood pressure. Informed consent was obtained for 401 children (probands) and their parents. Probands returned for a subsequent study visit at mean age 19 at which time parents and siblings of the probands also were recruited into the study and underwent many of the same measurements as the probands. Individuals who self-reported a diagnosis of diabetes or use of diabetes medication did not have a euglycemic clamp measurement of insulin sensitivity performed. All genotyped individuals (probands, parents, and siblings) with insulin sensitivity measurements from this visit were included in this analysis. Individuals with extreme values of insulin sensitivity (n = 9) were excluded from this analysis. This resulted in a sample of 584 whites and 119 African Americans.
Phenotypic measurements
Overall adiposity was estimated by BMI (kg/m 2 ). Weight was measured using a balance beam scale and height was measured using a stadiometer. Tanner stage was assessed in children during a physical exam by a pediatrician. Fasting insulin and glucose were collected as previously described (Sinaiko et al. 2001 ) and HOMA-IR was calculated according to the report by Matthews et al. (1985) with the formula HOMA-IR = (fasting insulin in U/ml £ fasting glucose in mg/dl)/405. Euglycemic clamp studies were conducted in the University of Minnesota Clinical Research Center after a 12 h fast as previously described (Sinaiko et al. 2001) . Plasma glucose was measured at baseline and every 5 min during the clamp. The insulin infusion was started at time 0 and continued at 1 mU/kg per min for 3 h. An infusion of 20% glucose was started at time 0 and adjusted, based on plasma glucose levels, to maintain plasma glucose at 100 mg/dl. Insulin sensitivity was determined from the amount of glucose administered over the Wnal 40 min of the euglycemic clamp, and expressed as glucose utilization/kg lean body mass/min. Percentage of body fat and lean body mass (LBM), or fat-free mass were calculated by DEXA.
Genotyping
SNPs were selected using an algorithm provided on the International HapMap website (Thorisson et al. 2005) . The algorithm was set to select tag SNPs that would cover all HapMap SNPs with a minor allele frequency of 0.05 or greater with an r 2 of 0.8 or greater in a Caucasian (CEU) population. Additional candidate SNPs were selected after reviewing the literature. In total 15 tag SNPs and 6 additional SNPs were typed within ADIPOQ, 5 tag SNPs and 2 additional SNPs were typed in ADIPOR1, and 12 tag and 1 additional SNP were typed in ADIPOR2.
Multiplexed PCR reactions were run at the University of Minnesota BioMedical Genomics Center using primers selected using Sequenom ® software. SNP typing was conducted using the Sequenom MassARRAY ® mass spectrometry system at the BioMedical Genomics Center. A total of 27 blind duplicates were run to assess genotyping quality. All SNPs had 100% agreement between the duplicates, except one SNP in ADIPOR2 (rs2286384) that had 95% agreement between the duplicates.
Statistical methods
All genetic association analyses were stratiWed by selfidentiWed race (white vs. African American) to avoid spurious associations due to population stratiWcation (Cardon and Palmer 2003) . Linkage disequilibrium (r 2 ) and HardyWeinberg equilibrium were calculated separately by race using the computer program Haploview (Barrett et al. 2005) .
Individual SNP associations and genotype means (adjusted for age and sex) of insulin sensitivity were calculated using linear regression as implemented in a mixed model (SAS v.9 .1, Cary, NC). To account for the phenotypic correlation in insulin sensitivity that would be expected within families, a compound symmetry correlation structure between members of families was speciWed in the mixed model, and a sandwich estimator used to calculate the variance. SNP genotypes were included individually in regression models as 2 df class variables. There was some instability in the estimation of P values using the sandwich estimator when there were small numbers for the homozygous minor allele genotype. Therefore, in cases where there were fewer than ten individuals with the homozygous minor allele genotype, a 1 df dominant model association test (with the homozygous minor allele and heterozygous genotypes combined) was used and the 123 corresponding P value reported in this paper. T tests were performed in SAS. Estimates of the proportion of variance accounted for by SNPs and other covariates were performed in SOLAR v. 2.1.5 (Almasy and Blangero 1998) .
All regression models were adjusted for age and sex. Further adjustment for BMI did not materially alter the eVect size of the estimates for any SNPs, so models adjusted for BMI were not reported in the paper. Additional regression models were run stratiWed by generation (parents vs. siblings and probands) only in whites because of limited sample size in the African Americans. Because the associations of multiple SNPs in each gene were tested with insulin sensitivity, a multiple testing correction was implemented in the program SNPSpD (Nyholt 2004 ) using the Li and Ji estimate of eVective number of SNPs (Li and Ji 2005) . This program takes into account both the number of SNPs tested in each gene, and the LD structure among the SNPs. Using this program with genotype information for the white participants in the study, the threshold for signiWcance for SNP associations in the ADIPOQ gene was 0.0037, the threshold for signiWcance for SNP associations in the ADIPOR1 gene was 0.0085, and the threshold for signiWcance for SNP associations in the ADIPOR2 gene was 0.0063. Because of limited power in this study population, genotype means for all associations with P < 0.05 were reported in this paper. Table 1 lists characteristics of the individuals included in the study by self-identiWed race and generation. Parents had signiWcantly greater mean BMI (P < 0.0001) than their oVspring but mean insulin sensitivity was similar (P = 0.22). The majority of oVspring were Tanner stage 5 or greater, but 22.3% of white oVspring and 25% of African American oVspring had not yet reached Tanner stage 5. The majority of parents were female while the majority of oVspring, particularly African American oVspring, were male. Five white parents and one African American oVspring did not report a diagnosis of diabetes but had fasting glucose measurements (range 127-137 mg/dl) that met the ADA deWnition of diabetes. Exclusion of these individuals from the study population did not materially change any results presented in this analysis.
Results
Cohort characteristics
Genotypes Table 2 lists the rs numbers (SNP ID), chromosome positions, and previously used labels for the SNPs included in this analysis. Few SNPs encoded amino acid changes. Because ADIPOQ, ADIPOR1, and ADIPOR2 have been studied extensively, nearly all the SNPs had been reported in the literature and thus had labels from previous studies.
Because of the large number of SNPs typed, a cut-oV of P < 0.01 was set to deWne SNPs in Hardy-Weinberg disequilibrium. Based on this cut-oV, only one SNP (rs7975600 in ADIPOR2) was in Hardy-Weinberg disequilibrium in both races. This SNP was not included in association analyses. Supplementary Figures 1-6 show the pair-wise linkage disequilibrium (LD) patterns as expressed by r 2 across ADIPOQ, ADIPOR1, and ADIPOR2 in African Americans and whites. Because only the minimum number of SNPs required to tag the gene (in whites) were selected, there is relatively low LD between the SNPs in each gene. As expected, the LD between SNPs is also lower in the African American population as compared to the white population. Single SNP associations Figure 1 shows P values (on a ¡log scale) for the single SNP association analyses with insulin sensitivity in African Americans, whites, and white generational subgroups. Using the pre-speciWed thresholds for signiWcance (P < 0.0037 for ADIPOQ, P < 0.0085 for ADIPOR1, P < 0.0063 for ADIPOR2), one ADIPOQ SNP (rs822393) was signiWcantly associated (P = 0.0034) with insulin sensitivity in whites. After adjustment for age and sex, the SNP rs822393 accounted for 1.9% of the variance in clamp-derived insulin sensitivity. In whites, several additional SNPs in ADIPOQ, one SNP in ADI-POR1, and one SNP in ADIPOR2 were associated with insulin sensitivity at the P < 0.05 level. In African Americans, two SNPs in ADIPOR1 were associated at the P < 0.05 level. The association of SNPs in ADIPOQ, ADIPOR1, and ADIPOR2 were also tested with HOMA-IR, a surrogate measure of insulin resistance; no associations of this trait with HOMA-IR met the pre-speciWed levels of signiWcance.
The association of rs822393 with insulin sensitivity was more highly signiWcant (based on P values) in the parents (P = 0.01), as compared to the oVspring (P = 0.14), although there was not suYcient power to conduct a formal test of interaction for this association with age. There was no evidence of signiWcant interaction of this association with BMI and the signiWcance of the association was similar in those with BMI · 25 (P = 0.0255) and those with BMI over 25 (P = 0.0174). Additionally, there was no Fig. 1 a-c Association of tag SNPs in ADIPOQ, ADIPOR1, ADIPOR2 with insulin sensitivity. All P values are for regressions of insulin sensitivity on SNP genotype adjusted for age and sex. Black diamonds African Americans, black squares whites, white triangles white probands and siblings, white circles white parents. Points above the dashed line indicate P values below the pre-speciWed signiWcance threshold deWned by SNPSpD (P < 0.0037 for ADI-POQ, P < 0.0085 for ADIPOR1, P < 0.0063 for ADIPOR2). Points above the dotted line indicate P values below the threshold of P = 0.05. SNPs are listed in order of their appearance in the gene evidence of signiWcant interaction with BMI for any of the suggestive (P < 0.05) associations reported in this paper. Table 3 lists adjusted means by genotype for all SNPs associated with insulin sensitivity at the P < 0.05 level. For Wve ADIPOQ SNPs (rs4632532, rs266729, rs182052, rs7649121, and the single signiWcant SNP, rs822393) the pattern of genotype means was extremely similar. When two of these SNPs were included together in a regression model, the estimates for SNP rs822393 were attenuated slightly. Generational subgroup (parents and oVspring) genotype means were calculated for SNPs rs822393. The pattern of genotype means was similar in both subgroups, although the diVerences between the means were more pronounced in the parents (Supplementary Table 1 ).
Discussion
In this study, one SNP in the ADIPOQ gene (rs822393) was signiWcantly associated with insulin sensitivity in whites. There were several other suggestive (P < 0.05) associations of SNPs in ADIPOQ, ADIPOR1, and ADI-POR2. In whites, four of the suggestive ADIPOQ SNPs (rs4632532, rs266729, rs182052, rs7649121) were in moderate (r 2 = 0.33-0.67) LD with the signiWcant SNP, rs822393. Given these Wndings, and the similarity between the genotype means for these SNPs, all of these associations may be driven by the association of rs822393 with insulin sensitivity or by the association of an untyped variant in high LD with rs822393. As the size of the estimates for SNP rs822393 were attenuated slightly when another of the correlated SNPs was included in the model, these associations may be driven by an untyped variant. None of the other suggestive SNPs in ADIPOQ (in whites) or in ADI-POR1 (in African Americans) can be explained due to high LD between SNPs and thus these associations may represent the eVects of multiple genetic variants on the expression or activity of the gene.
With one exception (rs7539542), the SNPs found to be associated with insulin sensitivity in the African Americans were diVerent from those associated with white subjects in this study (and rs7539542 showed diVering genotype speciWc means across the races, with diVerent alleles being associated with increased insulin sensitivity). These Wndings may be due to the diVerent patterns of linkage disequilibrium present in the two racial groups. The diVering results between the races also may be the result of diVerent sample sizes between the white and African American study populations, or of diVerent genetic variants acting in the two racial groups.
In whites, the association of rs822393 and insulin sensitivity is stronger in the parents than the oVspring. This could indicate that the inXuence of variants in adiponectin on insulin sensitivity may take many years to manifest (essentially, that many years of exposure to such variants are necessary in order for an eVect to be seen). If this is the case, the eVect of these variants would not yet be evident in adolescents, explaining the less signiWcant association seen in the siblings and probands than in the parents.
Although several previous studies have examined the association of clamp-derived insulin sensitivity with SNPs in ADIPOQ (Buzzetti et al. 2007; Salmenniemi et al. 2005; Stumvoll et al. 2002; Ukkola et al. 2005; Vozarova de Courten et al. 2005) , only one previous study used tag SNPs (Vozarova de Courten et al. 2005) , so there is little overlap between the results of this study and previous 123 studies in the literature. Only one of the suggestive ADIPOQ SNPs has been examined previously in relation to insulin sensitivity; rs266729 was found to be signiWcantly (P < 0.05) associated with clamp-derived insulin sensitivity in obese Italians (Buzzetti et al. 2007 ) but was not signiWcantly associated with the same phenotype in Pima Indians (Vozarova de Courten et al. 2005) . Only two previous studies have examined the association of ADIPOR1 and ADI-POR2 SNPs and clamp-derived insulin sensitivity (Kantartzis et al. 2006; Stefan et al. 2005 ) with neither using a tag SNP approach; one of these studies included the SNP rs16928751 and concluded this SNP was not signiWcantly associated with insulin sensitivity in a Caucasian cohort, mirroring the results of this study. Previous studies have examined the association of SNPs in ADIPOQ with HOMA-IR and found signiWcant associations (Hivert et al. 2008; Menzaghi et al. 2007 ). However, the results of this study suggest that SNPs associated with clamp-derived insulin sensitivity are not associated with HOMA-IR, possibly due to diVerences in the traits. The lack of replication of signiWcant HOMA-IR/ADIPOQ SNP associations in this cohort can be explained by a relatively small sample size (compared to studies measuring insulin sensitivity surrogates) and a higher threshold for signiWcance. The results from the present study support previous results in this study population suggesting that the genetic determinants of clamp-derived insulin sensitivity diVer from those of surrogate measures of insulin resistance such as fasting insulin or HOMA-IR (Rasmussen-Torvik et al. 2007) .
As with any genetic association study, it will be necessary to replicate these results in unrelated study populations. Given the results of this study, it is important to conduct the replication studies using clamp-derived measures of insulin sensitivity rather than surrogates, and the replication cohort should include individuals from multiple generations. Of course, the use of the clamp (an invasive and time-consuming procedure) will limit the size of these studies and so expectations about the level of statistical signiWcance must be adjusted appropriately. Studies will also be needed to test the association of tag SNPs (particularly rs822393) in these three genes with insulin sensitivity in other ethnic groups. The results in African Americans in this study must be viewed with caution; the number of African Americans was very small, tag SNPs were selected for a Caucasian population (and thus likely did not adequately tag the genes for the African American population), signiWcance thresholds were calculated for Caucasian populations (and thus may have been too generous for African American populations), and no genomic control markers were typed to address confounding by varying levels of admixture in this population. However, the moderate association (P < 0.05) of two SNPs in ADIPOR1, despite the small sample size in this study, should encourage others to more fully investigate these associations in a larger African American cohort.
In summary, this study tested the association of comprehensive tag SNPs in ADIPOQ, ADIPOR1, and ADIPOR2 with clamp-derived insulin sensitivity. One SNP, rs822393, was signiWcantly associated with insulin sensitivity in whites. There were several additional SNPs with suggestive associations to insulin sensitivity in both whites and African Americans. These genetic results lend support to epidemiologic studies that have found associations between circulating adiponectin and insulin sensitivity (Chen et al. 2005; Tschritter et al. 2003; Weyer et al. 2001) and to bench studies showing that adiponectin (administered intravenously or through genetic up-regulation) increases insulin sensitivity in rodents (Yamauchi et al. 2001 (Yamauchi et al. , 2003 and strengthen the argument that changes in adiponectin level or activity cause insulin resistance.
